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When an electromagnetic wave interacts wi th a dense 
random medium, the amount of energy scattered in 
the retroref lect ion d i rect ion (namely, in that of back-
scattering), is remarkably larger, on the average, than 
in any other d i rect ion. Examples of opt ica l phenomena 
result ing from this effect have been known for a long 
time: the optical glory formed by the bright co lored 
rings surrounding the shadow 
of an i l luminated object over a 
region of mist, (e.g., the shadow 
of an airplane over the c louds) , 

is due to a large retroref lectance of light by Mie scat
ter ing f rom the water d r o p l e t s . 1 , 2 S im i l a r l y , the 
heiligenschein c o n s i s t s of a b r i g h t r e g i o n of 
backscattered light about the shadow that an i l lumi
nated object projects over dew-covered grass. These 
phenomena belong to a wider class of so-cal led oppo
sition effects;3 a lso descr ibed in astronomical observa
t ions, and among which higher reflectivit ies of the 
moon when it is full have been noticed 4 s ince 1922. More 
recently, enhanced backscattering of light as it propa
gates in dense media has been repor ted. 5 

It has been known for some t ime in so l id state 
physics that the conduct ion of electrons in a disor
dered material is affected by coherent effects in their 
wavefunct ion. This is not predicted in previous mod
els based on the Bol tzmann transport equat ion, when 
the mean free path between consecut ive col l is ions 
wi th impuri t ies approaches their wavelength. This 
produces an enhanced probabi l i ty of an electron to 
return to its start ing point, i.e., enhanced backscatter
ing, wh ich reduces its diffusion constant, and conse
quently the electr ical conduct iv i ty of the d isordered 
material. The phenomenon is cal led weak localiza
tion.6 When the medium becomes extremely dense and 
the scatter ing is very strong, the conduct ion wi l l van
ish at absolute zero temperature; this is strong local
ization or Anderson localization.7 

Weak localization and 
enhanced backscattering 
Weak local izat ion is now recognized to be a general 
property of wave propagation in a random medium. 
However, weak local izat ion of photons only recently 
has been assoc ia ted 8 , 9 wi th enhanced backscatter ing 
of light and other electromagnetic waves. Al though 
strong local izat ion of photons (i.e., absence of elec
tromagnetic flux outside the random medium) has 
been descr ibed in one d imension, as yet it has not been 

observed in two and three dimensions. 
The process giving rise to enhanced backscatter ing 

is usual ly interpreted in geometr ical terms: a plane 
wave of wavevector k 0 is assumed incident on the 
medium; then, after N scattering events, the corre
sponding wavevectors of one angular component of 
the wavefunctions are: k1, k 2 , . . .-k N - 1 ,k N , respectively. The 
quest ion of whether this kinematic model provides an 
adequate scheme to the mult iple scatter ing process 
wi l l depend on the accuracy of the geometrical opt ics 

l imit for a part icular medium. 
Now each loop has its reverse: 
k 0,-kN - 1. . .- k1, kN. In the back-
scat ter ing d i rec t ion (k N =-k 0 ) 

the outgoing waves result ing from these two loops 
have the same complex ampl i tude: Af = A b = A, and in
terfere construct ively, so that the total intensity: I = 
| A f | 2 + | A b | 2 + 2Re[A fAb*] is equal to 4 | A | 2 , instead of 
2 | A | 2 that would result if the cross term: 2Re [A fA b

*] were 
neglected. This term is gove rned by the phase shi f t : 
( k 0 +k N ) ( r 1 - r N ) , r1 and r N being the posit ion vectors of 
the first and last scattering center, respectively. On 
the average, this term is maximum when this phase-
shift is a mult iple of 2π, namely, the wid th of this peak 
is of the order of λ/ , where λ is the wavelength and 
the mean free path. The height of the peak is then twice 
that of the diffuse background. 

The scattered intensity must be averaged to observe 
enhanced backscatter ing, otherwise the peak appears 
swamped by the speckle f luctuations of width λ/a, a 
being the linear d imension of the i l luminated sample. 1 0 

This average is usual ly performed either by convolu
t ion with the detector aperture or by means of differ
ent real izat ions of the random medium dur ing the 
detect ion process. The speckle contrast has been 
measured 1 1 in the backscattering direct ion, and is unity, 
as in any other d i rect ion, thus corresponding to a 
negative exponent ial probabi l i ty density of scattered 
intensity. (More detai ls on the statist ical propert ies of 
the speckle f luctuations can be found in Ref. 12.) 

One can ask whether random rough surfaces could 
also give rise to enhanced backscatter ing. This has 
been answered affirmatively by a series of theoret ical 
and experimental results. 

A perturbat ional theory of enhanced backscatter ing 
of light f rom sl ight ly rough metall ic surfaces has been 
es tab l ished 1 3 , 1 4 , (r.m.s. of random height σ of the order 
of 10-2 λ and correlat ion length T - 0 . 2 λ - 10 - 2λ). The 
backscatter ing peak in this theory is due to the local
ization of surface polar i tons, wh ich are excited by the 
incident wave and then, through interact ion with the 
roughness, coup le to e lectromagnet ic waves that 
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propagate away from the surface. 
The first experimental observat ions of enhanced 

backscatter ing of light form highly corrugated random 
surfaces have been repor ted. 1 5 The angular d ist r ibu
t ion of scattered intensity was measured f rom spe
cial ly fabricated surfaces, wi th contro l led stat ist ics 
and wel l specif ied parameters σ and T, (they had typi
cal ly Σ = 1µm - 2µm and T = 1µm - 5µm, and were 
i l luminated wi th v is ib le light at 0.63 µm). A lso , these 
measurements prov ided new data on the val id i ty of the 
Kirchoff approximat ion. 

These new experimental results have chal lenged the 

exist ing theories, wh ich have es
sential ly been based on two analyti
cal approximat ions to the scatter
ing equations: the Kirchoff approxi 
mat ion 1 6 (KA), val id for profi les wi th 
local radii of curvature much larger than λ; and the smal l 
perturbat ion method (SPM), used when σ is much 
smaller than \ , (this method is either based on the 
perturbat ion of the complex ampl i tude 1 7 - 2 0 or of its 
phase 2 1 , 2 2 ) . Neither of these two formulat ions cou ld 
account for the enhanced backscatter ing phenomenon. 
However, afterwards, the exact solut ion to the scatter
ing equations was establ ished numerical ly—first for 
surfaces supported by perfect conductors , 2 3 and later 
for metals and d ie lect r ics. 2 4 

Using a Monte Carlo procedure 
These calculat ions used a Monte Car lo procedure to 
generate one-dimensional random profi les (i.e., vary
ing in one direct ion only) , then calculat ing the scat
tered fields after d iscret iz ing the equations. The re
sult ing scattered intensity is then averaged over sev
eral finite records (samples) of the surfaces, exhibi t ing 
the features, both in ampl i tude and wid th λ/T of the 
backscattering peak in the angular distr ibut ion of mean 
intensity (characterist ic parameters are σ = λ - 2λ, and 
T = λ - 4λ. 

As the angle of inc idence increases, it has been 
observed both experimental ly and numerical ly that 
the height of this peak diminishes due to shadowing 
effects of the surface ridges. It has been expl ic i t ly 
shown 2 5 that this enhancement f rom surface is due to 
mult iple scattering. Notwithstanding its strong anal
ogy wi th the case of dense media, some researchers 2 6 

quest ion its identi ty wi th photon local izat ion. How
ever, s imi lar enhancements have also been numeri
cal ly obtained in the scatter ing of acoust ic waves. 2 7 

The Monte Car lo numerical method is a novel way of 
obtaining the solut ion to the scattering problem, wh ich , 
in addi t ion to the enhanced backscatter ing, can assess 
the range of val id i ty of analyt ical approximat ions and 
predict other effects, l ike the behavior of perfect con
duct ing surfaces as quasi-Lambertian diffusers for 
roughness σ somewhat lower than that at wh ich they 
wou ld produce enhanced backscat ter ing. 2 8 A lso , the 
wel l-known blaze effect in the ant ispecular order of 

ref lect ion grating—namely at the order whose direc
t ion co inc ides wi th that of inc idence—has been 
shown 2 9 to be at the root of the enhanced backscat
tering phenomenon. 

It has also been p roven 3 0 that the enhancement is 

d i rect ly related to the ref lect ivi ty of the surface, e.g., 
dielectr ic random surfaces cannot produce enhanced 
backscatter ing of p-polarized waves unless the refrac
t ive index is large enough. This lack of reflectivity of 
d ie lectr ics is also responsib le for a new t ransmiss ion 
effect 3 1 in wh ich the radiat ion transmitted into a,dielec-
tr ic through a highly corrugated interface, (T = 4.7λ, σ 
= 1.9λ, Є = 1.99) is concentrated about the straight-
through d i rect ion; the effect is due to single scattering. 
A lso , enhancement in the ant ispecular d i rect ion of 
light t ransmit ted through a metal l ic fi lm wi th one of its 
faces rough has been theoret ical ly and experimental ly 
obta ined. 3 2 In addi t ion, random surfaces wi th a center 
of symmetry have been shown 2 9 , 3 3 , 3 4 to produce en
hancement of the mean scattered intensity in the 
specular d i rect ion. This enhancement is larger the 
stronger the scatter ing is and its w id th equals the 
speckle size λ/a. On the other hand, speckle contrast 
determinat ions 3 5 have y ie lded results s imi lar to those 
for dense media. 

One-dimensionality limitations 
Two main disadvantages st i l l remain in the numerical 
calculat ions due to the l imited speed and memory of 
present day computers; the one-dimensional i ty of the 
surfaces, wh ich precludes the study of depolar izat ion 
effects, and the rather smal l i l luminated record a of the 
samples ( typical ly a = 20λ - 40λ), wh ich produces low 
angular resolut ion and large dif fract ion effects as the 
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angle of incidence increases. 
At present, these restrictions have forced experi

menters to fabricate one-dimensional surfaces to check 
the theoretical results and to observe new effects3 6 , 3 7 

with fairly good agreement, aside from departures that 
might be due either to the aforementioned limitations 
of the theory to the existence of subsurface dielectric 
inhomogeneities or to small deviations in the experimen
tal estimation of the surface parameters. More work is 
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In 1974, persistent spectral holes were first produced 
in the inhomogeneous electronic transitions in solids. 
To this day, persistent spectral features caused by 
both photochemical and non-photochemical processes 
are found in ever increasing numbers.1 In the 1980s, 
low frequency analogues of these processes were dis
covered and explored. Persistent IR spectral holes can 
be generated in the vibrational degrees of freedom of 
molecular defects in crystals and glasses even though 
no electronic excitation is involved, i.e., a non-photo

chemical process. The brief overview of these findings 
presented below demonstrates that such persistent IR 
spectral holes do 
provide a new high 
r e s o 1 u t i o n tech
n i q u e w i t h 
which to explore the dynamics of vibrational defects in 
solids, as well as the properties of the solids them
selves. 

The initial discovery of vibrational hole burning in 
crystals was made with a fixed frequency CO 2 laser2 

but, in general, the inhomogeneously broadened ab
sorption lines associated with the vibrational modes 
of molecular defects are not coincident with the fre-
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